Bacterial isolates from Mississippi maize field soil and maize rhizosphere samples were evaluated for their potential as biological control agents against Aspergillus fiavus and Fusarium verticillioides. Isolated strains were screened for antagonistic activities in liquid coculture against A. fiavus and on agar media against A. fiavus and F. verticillioides. We identified 221 strains that inhibited growth of both fungi. These bacteria were further differentiated by their production of extracellular enzymes that hydrolyzed chitin and yeast cell walls and by production of antifungal metabolites. Based on molecular and nutritional identification of the bacterial strains, the most prevalent genera isolated from rhizosphere samples were Burkholderia and Pseudomonas, and the most prevalent genera isolated from nonrhizosphere soil were Pseudomonas and Bacillus. Less prevalent genera included Stenotrophomonas, Agrobacterium, Variovorax, Wautersia, and several genera of coryneform and enteric bacteria. In quantitative coculture assays, strains of P. chlororaphis and P. fiuOl:escens consistently inhibited growth of A. fiavus and F. verticillioides in different media. These results demonstrate the potential for developing individual biocontrol agents for simultaneous control of the mycotoxigenic A. fiavus and F. verticillioides.
Aspergillus fiavus and Fusarium verticillioides are widespread inhabitants of agricultural soils associated with many crops, including maize (com, Zea mays L.),'and are two of several fungal species that cause ear rot of maize (50) . In addition to the economic losses caused by disease, further losses may occur due to contamination of maize with aflatoxins produced by A. fiavus and fumonisins produced by F. verticillioides (4, 43) . These losses affect growers, processors, and livestock producers and are a threat to human and animal health (16) .
Current methods used to reduce aflatoxin and fumonisin contamination of maize include modification of cultural practices to reduce preharvest and postharvest fungal infection (34) and introduction of resistance traits into agronomically valuable maize cultivars by conventional breeding (1, 32, 34) and molecular (19, 34) techniques. Introduction of a Bacillus thuringiensis Bt endotoxin transgene into maize for insect resistance indirectly reduces mycotoxin contamination of maize (6, 48) . In contrast, the use of chemical pesticides in some cases has resulted in the increase in Fusarium and Aspergillus mycotoxins (17) .
Several biological control methods for using fungi and bacteria to limit mycotoxin contamination in maize have been developed, such as use of nonaflatoxigenic A. fiavus strains to displace aflatoxigenic strains (2, 11, 18) , control of A. fiavus by antagonistic strains of Kluyveromyces (30) , and control of F. verticillioides by endophytic and rhizosphere strains of Bacillus (5, 12) . Wicklow et al. (51) found hat the fungal endophyte Acremonium zeae produced pyrrocidine antibiotics that were active against both A. fiavus and F. verticillioides. In most of these cases, the goal of mycotoxin reduction is met by limiting or delaying growth of toxigenic fungi.
In this study, we hypothesized that single bacterial strains with activity against both A. fiavus and F. verticillioides could be isolated from the maize environment. Using individual strains for biocontrol of multiple targets would facilitate management of preharvest mycotoxin contamination of maize. Bacterial populations from maize soil and rhizosphere samples were screened for phenotypes antagonistic against A. fiavus and F. verticillioides. Quantitative coculture assays in liquid media were used to determine the extent of the antifungal activity of these bacteria and to predict the potential for their successful application as biocontrol agents in the field.
MATERIALS AND METHODS
Sampling and isolation of bacteria. Soil and maize samples were collected from maize fields in Stoneville and Elizabeth, Miss. In November 2004 and April 2005, a total of 40 soil samples were taken from nine field plots. In May 2005, four maize plants were collected from each of five separate field plots, for a total of 20 samples. Bacteria were isolated from soil samples by adding 1 g of soil to 10 m1 of sterile 0.05% Tween 80 solution, vortexing for 30 s, sonicating on ice for 15 min in a Branson model 3210 sonication bath, and vortexing for an additional 30 s. To isolate maize rhizosphere bacteria, rOots were aseptically removed from each plant sample by cutting at the crown with a sterilized razor blade. Each root sample was added to 50 ml of sterile 0.05% Tween 80 in a l-qt (0.96-liter) polyethylene Ziploc bag. Bacteria were removed from root and soil surfaces by agitating the contents of each bag for 1 min to dislodge soil particles from roots and sonicating on ice for 15 min. Sonicated soil and root samples were serially diluted in 0.05% Tween 80 and spread plated onto 0.1 X tryptic soy agar (TSA; Difco, Becton Dickinson, Sparks, Md.) containing 100 mg liter-1 cycloheximide. Plates were incubated at 28°C for 2 days, and individual colonies from each sample were randomly selected to screen for antifungal phenotypes.
Screening for antifungal activity. Bacterial strains were initially screened for antifungal activity against the nor mutant A. flavus strain Papa 827 (40) in potato dextrose broth (PDB; Difco, Becton Dickinson). Individual bacteria were inoculated into single wells of a 24-well microtiter plate with 1 ml of PDB containing 10 3 A. flavus Papa 827 conidia and incubated at 28°C for 7 days without shaking. Antifungal activity was assessed visually by comparing fungal growth in wells treated with bacteria with growth in control wells containing only A. flavus Papa 827. Bacterial strains that inhibited A. flavus growth were screened further for activity against A. flavus Papa 827 and the fumonisin-producing F. verticillioides strain 935 on potato dextrose agar (PDA; Difco, Becton Dickinson). Plates were inoculated in the center with 10 fLl of an A. flavus or F. verticillioides conidial suspension (~10 5 conidia ml-I ), and bacterial strains were inoculated around the periphery of the plate, 3 cm from the conidia. Screen plates were incubated for 7 days at 28°C and assessed visually for antifungal activity.
Production of hydrolytic enzymes. Bacterial strains were tested for extracellular hydrolysis of chitin and yeast cell walls in defined minimal agar 813C and 813Y, respectively, as previously described (39) . Colloidal chitin was prepared from crab shell chitin (Sigma-Aldrich, St. Louis, Mo.) as previously described (31) . Yeast cell walls were prepared from autoclaved baker's yeast (Saccharomyces cerevisiae) as previously described (39) . Chitin and yeast cell walls were added to medium 813C and 813Y, respectively, at a concentration of 1% (wtlvol). Bacteria were spot inoculated and incubated at 28°C for up to 5 days. Enzyme activity that hydrolyzed chitin or yeast cell walls was measured qualitatively by the production of visible clearing zones surrounding the bacterial colonies, typically > 1 mm beyond the edge of the colony.
Bacterial identification. Total DNA from bacteria was prepared from single colonies grown on O.5X TSA using the InstaGene matrix (Bio-Rad, Hercules, Calif.) according to the manufacturer's instructions. The 16S rRNA gene fragments were amplified in PCRs using 1 to 5 fLl of each cell suspension as template and primers 27F (5'-AGAGTTTGATCMTGGCTC AG-3') and 1525R (5'-AAGGAGGTGWTCCARCC-3') (29) . PCR conditions were 95°C for 5 min; 35 cycles of 94°C for 30 s, 55°C for 30 s, and noc for 90 s; and noc for 5 min. Amplification was confirmed by electrophoretic separation of the fragments on a 0.8% agarose gel, and amplified fragments were purified using QIAquick PCR purification columns (Qiagen, Inc., Valencia, Calif.). Purified fragments were sent to Davis Sequencing, Inc. (Davis, Calif.) for sequencing using the same primers. Bacteria were identified based on similarities of sequences to homologous 16S rRNA gene sequences from bacterial strains designated as type strains in the Ribosomal Database Project database (15) .
For identification using the Biolog Microbial Identification System (Biolog, Inc., Hayward, Calif.), bacteria were first separated into gram-positive or gram-negative strains using KOH (20) .
Gram-positive strains were identified using GP2 MicroPlates (Biolog) and gram-negative strains were identified using GN2 MicroPlates (Biolog), according to the manufacturer's instructions. Identification was based on the similarity index of carbon source utilization by each strain relative to that of identified reference strains in the Biolog GP and GN databases.
Quantification of antifungal activity. A subset of 20 bacterial strains showing antifungal activity in preliminary screens was tested for antagonism against A. flavus strain F34 and F. verticillioides strain 935. A. flavus F34 is an afiatoxigenic S strain that was isolated from almond orchard soil (7). Assays were performed in PDB and in maize kernel broth (CKB), which was prepared by homogenizing frozen sweet maize kernels in distilled water (100 g liter-I), removing solids by centrifugation at 16,000 X g for 15 min, and autoclaving. Bacteria were grown overnight in 0.5X tryptic soy broth (Difco, Becton Dickinson) at 28°C. Ten microliters of each culture (~10 8 CFU ml-I ) and~10 2 A. flavus F34 or F. verticillioides 935 conidia were added to 10 ml of PDB or CKB in 100-mm-diameter petri dishes. Following incubation at 28°C for 7 days without shaking, fungal mycelium was recovered by filtration onto Whatman no. 4 paper filters and dried overnight. Fungal dry weights from six replicate samples (three replicates per treatment performed in two independent experiments) were recorded for each combination of A. flavus or F. verticillioides + bacterial strain in each medium. Bacterial inhibition of fungal growth was quantified relative to control cultures of fungi grown for 7 days without bacteria in each medium. Student's t test was used to determine the significance of differences between control and treated samples.
RESULTS
Isolation and screening of bacterial antagonists. Bacteria were isolated from maize field soil samples that were taken after the 2004 growing season and at the beginning of the 2005 growing season and from maize rhizosphere samples taken approximately 4 weeks after planting in 2005. Isolated colonies from each sample were selected randomly and screened for fungal growth inhibition against A. flavus Papa 827. This strain contains a mutation in the nor gene, resulting in accumulation of norsolorinic acid, a bright red-orange precursor in the aflatoxin biosynthetic pathway. Use of this strain allowed inhibition of fungal growth to be easily visualized in liquid coculture with bacteria in multiwell culture plates. Bacterial strains that showed inhibition of A. flavus growth in PDB coculture screens were screened for antifungal phenotypes on PDA. Of 1,018 strains screened, 443 strains had inhibitory activity against A. flavus, and 221 of those strains had inhibitory activity against both A. flavus and F. verticillioides ( Table   1) .
Two types of fungal growth inhibition were observed when screens were performed on agar media: (i) bacterial inhibition of fungal growth in a visibly clear zone surrounding the bacterial colony or (ii) inhibition of fungal growth upon contact of the mycelium with the bacterial colony. Some bacterial strains also inhibited F. verticillioides aerial mycelial growth, apart from lateral mycelial growth (data not shown). Fifty-six strains produced a zone of fungal growth inhibition beyond the edge of the bacterial colony, suggesting the production of one or more diffusible anti- microbial compounds. Antagonistic bacterial strains were assayed for the production of extracellular hydrolyzing activity against chitin and yeast cell walls. Sixty-seven strains produced clearing zones on colloidal chitin agar, and 81 strains produced clearing zones on yeast cell wall agar. Hydrolysis of yeast cell walls was generally interpreted as 13-glucanase activity, because the S. cerevisiae cell wall is composed predominantly of 13-1,3 and 13-1,6 glucans. The number of strains with an antifungal phenotype is summarized in Table 1 .
Classification and distribution of antagonistic bacteria. Bacterial strains were identified by a combination of 16S rRNA gene sequence analysis and the Biolog Microbial Identification System. The accuracy of each method is limited by the diversity and accurate identification of the bacterial species in each reference database. Therefore, only 16S rRNA gene sequences of type strains present in the 16S Ribosomal Database Project database were used for classification. Because the species diversity in the Biolog databases is limited, the carbon metabolism-based Biolog microplate system was used to confirm presumptive classification to at least genus.
The major genera and bacterial groups identified from soil and rhizosphere samples are listed in Table 2 . The most prevalent genera found in the soil samples were Pseudomonas and Bacillus and several coryneform genera, includ- Table 3 were selected for quantitative analysis of antifungal activity, based on their activity against A. flavus Papa 827 and F. verticillioides in agar and liquid media and their production of diffusible antimicro- FIGURE We isolated and screened bacteria from maize soil and rhizosphere samples to increase the probability of isolating bacteria for use as biological control agents against A. fiavus and F. verticillioides in the maize environment. Using the target environment as a source for biocontro1 organisms resulted in the isolation of agents specifically adapted to that environment and therefore more likely to be effective (26) . This approach has been used in several studies for selection of biocontro1 agents, including selection of bacteria from yam farm soil for control of postharvest yam rot (37) , isolation of yeasts from grape for control of Aspergillus species on grape (10), isolation of groundnut-associated bacteria for control of groundnut collar rot disease (27) , and screening of canola-associated bacteria for control of blackleg disease of canola (44 None of these strains produced significant fungal inhibition in PDB (Fig. 1) . Achromobacter xylosoxidans strain IP2200 inhibited A. fiavus by 84% and F. verticillioides by 84% in PDB and inhibited A. fiavus by 73% in CKB but did not inhibit F. verticillioides in CKB. When individual strains of each bacterial genus were compared, there was no consistent correlation between phenotypes or sources and antifungal activity. For example, Bacillus licheniformis strain IPll07, which produces an antifungal metabolite, did not have more activity (quantitatively) than did B. licheniformis strain JP1206, which does not produce an antifungal metabolite. B. licheniformis strain IP1lO7 and Bacillus cereus/thuringiensis strain IP2163 differed in their production of chitinase activity but were not significantly different (P > 0.05) in their quantitative antifungal activity. Strains of B. cepacia that differed in their hydrolyzing activity against yeast cell walls did not differ significantly in their antifungal activity, but B. cepacia strain IP2112, which does not produce an antifungal metabolite, tended to be less inhibitory to the fungi than were the B. cepacia strains that produced the antifungal metabolite. P. chlororaphis strain JPlO15, which showed hydrolyzing activity against yeast cell walls, performed better than P. chlororaphis strain IPlO47, a nonactive strain, in both media against both fungi, although the differences were significant only for A. fiavus in PDB (P < 0.01).
Quantification of fungal growth inhibition. The 20 bacterial strains listed in
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Strain source (rhizosphere or bulk soil) and quantitative antifungal activities were not correlated among Wautersia eutropha and S. maltophilia strains. .., bial compounds and hydrolytic enzymes. Strains of the same species that had different phenotypes were chosen to determine whether strain differences would result in quantitatively distinct antifungal activity. The effect on fungal growth of coculturing these strains with A. fiavus F34 (an aflatoxin-producing field isolate) or F. verticillioides 935 was measured in PDB and CKB (Fig. 1) . CKB was used as a surrogate medium in place of intact maize to facilitate measurements of fungal biomass and generally supported the same level of growth of both fungi as did PDB on a dry-weight basis.
Several of the strains tested significantly inhibited growth of both fungi (P < 0.01) regardless of the medium used (Fig. 1) (38) , cotton (33) , and maize (36) and to Fusarium species on a variety of crops, including wheat (45), banana (3), onion (46) , and maize (13) .
In the present study, we isolated bacteria with antifungal activities from all soil and rhizosphere samples collected, indicating that antagonistic phenotypes in these environments are not uncommon. Screening sequentially for antagonism against A. flavus and F. verticillioides allowed identification of single bacterial strains with the potential to control both pathogens. The majority of these strains were isolated from the maize rhizosphere (Table 1) , where the total microbial population includes a diversity of saprophytic and pathogenic fungi. The specific antifungal activities we screened for-production of antifungal metabolites and chitinase and l3-glucanase activity-were also more prevalent in rhizosphere strains (Table 1) , in which they could contribute to ecological fitness in the rhizosphere. Broad-spectrum antifungal activity that may be ecologically advantageous also may be advantageous for use in biological control. For example, Lysobacter enzymogenes has biocontrol activity against Fusarium (24) , Pythium (35) , Aphanomyces (23) , Bipolaris (52) , and Magnaporthe (28) as a result of its production of multiple degradative enzymes and antimicrobial factors.
Identification of the antagonistic bacterial strains revealed that the most prevalent genus recovered from rhizosphere samples was Burkholderia (Table 2 ). These Burkholderia strains were identified by their 16S rRNA gene sequences as B. cepacia, B. stabilis, B. vietnamiensis, B. multivorans, and B. pyrrocinia, which are all members of the B. cepacia complex (Bcc) (42) . The presence of F. verticillioides increases Bcc populations in the maize rhizosphere (9) . The same phenomenon may be occurring in the Mississippi maize fields we tested, which probably have background populations of indigenous F. verticillioides. Bcc bacteria are resident rhizosphere bacteria in many plant systems and have been investigated in the past for biocontrol applications against several soilborne fungal plant pathogens. However, Bcc bacteria also have been associated with clinical infections, which has led to restrictions on the use of these bacteria for plant disease control (41) . The B. cepacia strains that were tested quantitatively for antifungal activity (Table 3) performed well against both A. flavus and F. verticillioides (Fig. 1) , but because of limitations on the use of Bcc bacteria under field conditions, further investigation of these strains will be confined to the laboratory. All Stenotrophomonas strains isolated in this study were identified as S. maltophilia. Although the strains that were assayed quantitatively for their antifungal activity (Table 3) performed relatively well (Fig. 1) , they are of limited usefulness in field applications because of the potential of S. maitophilia to cause human disease and the difficulty in differentiating environmental and clinical strains (8) .
Although Bacillus and Pseudomonas were the predominant genera isolated from nonrhizosphere soil, relatively few antagonistic Bacillus strains were isolated in this study (Table 2 ). In contrast, in a previous study Bacillus was the most prevalent genus with antifungal activity isolated from almond fruits, representing 54 of 126 isolates (38) . Although Bacillus might be more likely than other genera to persist in the harsh phyllosphere environment, there would be no such selective pressure in agricultural soil given the relative abundance of nutrients and moisture, especially in the rhizosphere. Bacillus subtilis from maize has shown potential as a biocontrol agent against F. verticillioides in greenhouse and in vitro studies (12) . In our study, the Bacillus strains selected for the quantitative antifungal assays (Table 3 ) significantly inhibited A. flavus and F. verticillioides growth in CKE but not in PDB (Fig. 1) . Whether activity in one medium or the other is more relevant to field conditions, use of several media to demonstrate consistent activity in vitro may be a better method for predicting field efficacy. Bacteria screened for antifungal activity in this study were inoculated at much higher concentrations than were the fungal spores. Further quantitative studies using progressively smaller bacterial populations will be useful for determining the thresholds of antifungal efficacy in laboratory coculture and in situ.
The most promising bacteria isolated in this study for potential development as biocontrol agents were Pseudomonas species. Of the Pseudomonas strains that were tested for quantitative activity (Table 3) , two strains consistently inhibited A. flavus and F. verticillioides growth in both media (Fig. 1) . Strain IPlO15, identified as P. chlororaphis, and strain IP2l75, identified as P. fluorescens, produce antifungal metabolites and exhibited chitinase activity. P. chlororaphis IPlOl5 also exhibited l3-glucanase activity (Table 3) . One distinguishing characteristic of P. chlororaphis is the production of phenazine-l-carboxamide (PCN), which can be visualized on certain media as a green crystalline precipitate and we observed in media with strain IPlO15. PCN is essential for the biocontrol activity of P. chlororaphis against tomato root rot caused by Fusarium oxysporum (14) . Other antifungal metabolites produced by Pseudomonas species include phenazine-l-carboxylic acid (47), 1,3-diacetylphloroglucinol (25) , pyrrolnitrin (21), pyoluteorin (22) , and hydrogen cyanide (49) . Identification of the specific antifungal metabolites produced by the Pseudomonas strains described in this study will aid in determining the mechanisms involved in their activity against A. flavus and F. verticillioides and the. relative importance of these mechanisms in the interaction of the bacteria with each fungus. In situ studies will be essential for determining the efficacy of selected Pseudomonas strains for controlling A. flavus and F. verticillioides and thus reducing aflatoxin and fumonisin contamination under field conditions.
